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PROSPECTS FOR OBTAINING AERODYNAMIC HEATING RESULTS
FROM ANALYSIS OF METEOR FLIGHT DATA
By H. Julian Allen and Nataline A. James

Ames Research Center
Moffett Field, Calif.

SUMMARY

Analyses of velocity and luminosity records of metecr flight obtained
from ground based cameras provide a means for increasing our knowledge on
aerodynamic heating of bodies entering the atmosphere at earth hyperbolic
speeds. The principles of the dynamical and photometrical methods of analy-
sis are reviewed. Results from records of six bright meteors are compared
with expected behaviors for these meteors. Reasons for departure from
expected behavior are discussed and future prospects are treated.

INTRODUCTION

For over a decade, now, aerodynamicists in this country have been
intimately concerned with the return to earth of man-made obJjects propelled
into space by rockets. The first interests in the problems of entry intc the
earth's atmosphere were confined to the aerodynamic stability, loading, and
heating of ballistic missiles. Later these interests were concerned with
higher speed bodies, such as Mercury. Now ocur attentions are focused on the
Apollo vehicle, and in time we shall need to understand atmosphere entry
phenomena assoclated with interplanetary vehicles which, on return to earth,
may approach the atmosphere at speeds well in excess of earth parabolic speed.
It would be foolish to attempt to say what limit on entry speed will ulti-
mately be established as practicable. It is only important here to note that
we must, from the research standpoint, obtain, from theory and experiment,
proper understanding of all the phenomena of atmospheric entry up to speeds
as high as can be realized.

Theory, as in the scientific delineations of all natural philosophy, is
vital to our understanding of the phenomena of high-enthalpy air flow. In
hypersonic flow problems experimental results are also vital because many of
the basic physical concepts involved are not well understood. Thus, it is
the partnership of theoretical and experimental research from our ground-based
laboratories that has accounted for the rapid progress in this scientific
field.

Progress in the laboratory is fraught with difficulties. The tools of
the experimentalist are high-performance shock tubes and shock-tube wind
tunnels, ballistic ranges, and combinations of such facilities to provide the



required test environment. The testing is exacting because of the short time
available for observations but, more important, there is justified concern
that we may not be able to provide the test speeds and enthalpies we will
need in the future because of strength limitations of the materials of which
our laboratory facilities are constructed. DPresent facilities have provided
environments appropriate to free flight at speeds somewhat in excess of

13 km/sec. We expect, from present knowledge, that we may extend these to

15 km/sec or thereabouts. However, there are no assurances that further
improvement will be forthcoming.

One, then, turns to rockets in free flight as tools for research at
higher speeds. One finds them unattractive in the main because of their
great cost in both money and time. Practically, we can hope they will con-
firm results obtained in ground tests, in particular as regards scaling laws,
but will probably not contribute importantly to our basic fund of knowledge.

On the other hand observations of meteors in flight can possibly provide
valuagble experimental data. At first glance these look unusually attractive
because the rate of influx of extraterrestrial debris into the earth's atmos-
phere is very great. However, the concern of the aerodynamicist is with
hypersonic continuum flow and but a small fraction of the meteoric bodies
experience any but free molecular flow. In addition, of those which are
observed by properly instrumented observatories, the resulting meteorite has
been recovered only in one case (the fragments from the Czechoslovakian
meteor P%ibram), so that with this exception the meteor density is not known
nor can the body shape during descent be inferred. Nonetheless, the flight
data from meteor observations may provide useful results. The purpose of
this paper “s to acquaint aerodynamicists with the methods of analyzing
flight data of meteors and to apply these methods to six meteors for which
published data are available in order to indicate to what extent such sources
can provide useful information to aerodynamicists in the future.

METEOR PHENOMENA

Although man has certainly been awed by the meteor phenomenon since the
earliest times, it is strange that only within the last several centuries has
the phenomenon been appreclated in its proper perspective. Chladni is cred-
ited (ref. 1) with being the first modern scientist to demonstrate that mete-
oric bodies were, in fact, extraterrestrial in origin. Opik in 1922 (ref. 2)
seems to have been the first to have attempted to formulate theory to under-
stand quantitatively the behavior of meteoric bodies in their descent through
the atmosphere. He showed that if the mass loss from the body per unit of
distance traveled was proportional to the instantaneous kinetic energy, then
simple relations could be obtained for expressing the mass in terms of veloc-
ity. Lindemann and Dobson, in the following year, published a remarkable
paper (ref. 3) in which they proposed physical models of the heating processes
in an effort to determine the fraction of the total kinetic energy involved
in the mass loss by ablation. Although their analysis contained some basic
errors (ref. L), it is significant in that it correctly distinguished between
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the direct air-molecule-impact process, applicable to the many small meteoric
bodies, and the shielded impact process, which occurs for the relatively few
large bodies, in continuum flow, when a protective gas cap forms ahead of the
body. Opik (ref. 5), Hoppe (ref. 6), and others laid the foundation for the
photometrical method of analysis of meteor data in which the rate of mass
loss by ablation could be related to the intensity of observable radiation.
The current state of meteor theory is summarized by Opik in reference 7.

Near the turn of this century, Elkin (e.g., refs. 8 and 9; for review
see ref. 10), Director of the Yale Observatory, photographed over 100 meteors
with two cameras located at the ends of a base line. The cameras were
equipped with rotating shutters. The triangulation permitted the determina-
tion of the meteor trajectories while the shutters, rotating at a constant
rate, occulted the moving images and provided the time-distance records for
evaluating velocity and acceleration as a function of time and altitude.
Although the accuracy of the early results was not good because of the short
base line, the principles employed are the same as those presently used. The
philosophy of the data reduction methods currently used for evaluating
heights and velocities from meteor photographs was described by Fisher
(ref. 11) and the accurate methods now employed are due, in a large measure,
to the efforts of the staff of the Harvard Observatory (Dr. Fred Whipple,

Dr. Luigi Jacchia, et al.). There are, at the present time, at least three
groups engaged in essentially continuous observations of meteors in North
America and Burope: the Smithsonian Astrophysical Observatory group at
Harvard University under Dr. Fred Whipple, the group under Dr. Zdenek Ceplecha
at the Ond¥ejov Observatory in Czechoslovakia, and the group at the Canadian
Dominion Observatory in Ottawa headed by Dr. Peter Millman of the National
Research Council.

Several facts concerning meteors that are important to this paper are
the following: First, photographic observations have shown that the speeds
at entry into the earth'’s atmosphere range from about earth parabolic speed
(11 kxm/sec) to about the highest speed a body may have and still be a member
of the solar system (72 km/sec). Second, the meteoric bodies may have a
variety of compositions. As is well known, meteorites (which are meteoric
bodies recovered on the earth's surface) as seen in museums are stony or
metallic in composition. However, there are wide variations in these two
classes (ref. 1). Many stony meteorites (e.g., chondrites) are of greater
density than the surface rocks of the earth, but many are of more normal den-
s51ity. The metallic meteorites are most commonly composed of iron and nickel.
It should be emphasized that these miseum meteorites, which apparently come
from the asteroid belt and have relatively low speeds at atmosphere entry,
are assuredly of extraterrestrial origin, but almost certainly are not the
only materials which arrive on earth from space. Chapman (ref. 12) has con-
vinecingly demonstrated that the glassy objects known as tektites are also
meteoritic and most probably of lunar origin. Some fast meteoroids, which
appear to be of cometary origin (refs. 13 and 1L), are mich less dense than
water, as indicated by their behavior durihg atmosphere entry (e.g., refs. 15
and 16). It is probable that hosts of materials found on the surface of the



earth are meteoric but, because they are the same or similar in composition
to terrestrial materials, are not recognized to be extraterrestrial in origin.

ANATYSTS

Two methods are currently employed for analyzing meteor tracking data to
obtain the size and heat-transfer characteristics as a function of altitude.
The first method discussed herein, termed the dynamical method, employs the
velocity history along with the equation of motion and the equation for heat
transfer to determine the desired quantities. The second, termed the photo-
metrical method, employs the velocity history and a relation between luminos-
ity and mass loss. For all but one of the meteors considered in this report
both analyses are required since the meteor density is not known because the
meteorites were not recovered. The symbols used in this report (see appen-
dix A) are, for the most part, the convention of aerodynamicists. (The meteor
astronomers employ other symbols but these are related in the appendix.)

The Dynamical Method of Analysis
In this method the inputs are velocity and acceleration as a function of
time or altitude, the trajectory angle, and the density of the meteoric body.
The equation of motion of an arbitrary body descending through the

earth's atmosphere, and acted upon only by the gravitational force and the
aerodynamic drag if the earth is assumed flat (see ref. 17), ist

av . 1 o
m-— =mg sin 8 - — CppV-A 1
— = T8 5 Cpo (1)
wherein
m mass
Vv velocity
T time
g acceleration of gravity
6 angle measured below the local horizontal to the trajectory

Cp drag coefficient
o) air density

A reference area upon which the drag coefficient is based

1Tn this development, the gravity terms are retained for completeness,
but in practice they may generally be ignored as trivial.



In reality, all of the quantities are variables as we proceed along the
trajectory. Tor purposes of the analysis to follow, certain restrictions are
imposed. The assumptions are made that:

1. The trajectory is a straight line (sin © 1is constant).

2. The acceleration of gravity, g, is constant.

3. The body is spherical throughout the descent (for justification see
ref. 18).

4. The drag coefficient is constant (assumed unity).

Then if r 1is the radius of the sphere and Py 1s the density of the mete-
oric body, the mass is

m = b oS (2)
3
and the reference area is
A = gqr2 (3)
and if the air density is
P = p,p (%)
then equation (1) becomes
3Cpr, /Fy2
av _ g sin 8 - ° Qz€> (5)
a 8oy r
Also,
at = - (6)
V sin 6
So equation (5) can be expressed as
C
— (V® + 2gn) = = (£ (7)
dh bp, sin 6 \ ¥

From equation (5) the radius is

3Cpp 2
o) | (8)
8pm (av/at) - g sin 6




and from equation (7) is

e 0 [t ] (9)

ko, sin o L(a/an)(V® + 2gh)

It is customary in analysis of the aerodynamic heating of meteors to
assume that

1. The rate at which heat is radiated from the body is trivial com-
pared to the total heat input rate, and

2. The rate of heat storage within the body can be ignored compared to
the total heat input rate.

The first of these is permissible at the high speeds of meteors if the
body is not very small, which covers the cases of interest in this report,
and if the trajectory is reasonably steep (say, © > 10°). The second is per-
missible when the thermal conductivity is low. This is certainly the case
for meteoric stones and generally acceptable for meteoric irons as well.

With these assumptions, then, the rate of heat input must equal the rate
at which heat is lost as a result of surface ablation so that

dm 1 3
— = - = CgpV~A 10
¢ = 5 Cue (10)
wherein
£ the heat of ablation expressed in units of the kinetic energy eguivalent

per unit mass (i.e., V& units) is the energy required to heat the
surface from the cold state to the state at which ablation occurs. If
a fluid is ablated, then ¢ must include the latent heat of fusion;
if a vapor is ablated, then it must include both the latent heats of
fusion and vaporization.

CH the mean heat-transfer coefficient based on the cross-sectional area

Now, since

dm da /4 dr dr
— == |=mnp,r3) = 2, I _ A
gt at \3 Fm > trrfon T = Moot 3 (11)
equation (10) becomes (with eq. (4))
C
dr HPo , _
= = - ——= (pV3) (12)



and with altitude rather than time as the independent variable (see eq. (6))

C
ar HPo >
& "o (v 1
8tpy oin (pV®) (13)

The radius of the body can be calculated from equation (9) as a function
of altitude if V and dV/dt (or dV/dh) are given, if the air density ratio
D 1is assumed to be a known function of altitude. For all the calculations
of thils report the ARDC 1959 Standard Atmosphere (ref. 19) was chosen. Gen-
erally, however, the density of the meteoric body is not known because the
meteorite is not recovered on the ground so that we shall usually know, in
the end, only the product

"3CDDO 5V2
fu’ = T g [(dv/dt) ~ g sin 0. (1)
or
= : 1
o’ = ) sin o (a/an)(v® + 2gh)_ (15)

In the event the density is known, the mass can be calculated from
equation (2).

Differentiation of equation (8) gives

e, oal ot | (16)
at 8oy at L(av/at) - g sin 6

while differentiation of equation (9) gives
ar __Fpo  a [ il ] (17)
dh ko, sin @ dh | (a/dan)(V® + 2gh)

Thus equations (16) and (12) give

m 3 4 2
Cpt Ve dt [(dv/dt) - g sin e)} (18)

or from equations (17) and (13)

i _ 6 a V2 |
Cpt ~ V2 an [(d/dh)(v2 + Egh)J (19)

Note that if Cp is presumed known (for a sphere it is assumed as unity
for continuum flow), the heat-transfer coefficient cannot be determined
unless € is known, which it is not. There is an upper limit to the possi-
ble values of €, however, which is the total energy required to bring the



surface material from the cold solid state to the vapor state.® Thus, an
upper limit for Cyg can be found in any event. For stone meteors one
expects that vaporization would be the usual ablation process. That is to
say, liquid stone is highly viscous so that ablation in the liquid state
should generally not occur if the heating rates are high. For low-speed
meteors or for nearly flat trajectories, this will not be the case. Chapman
(refs. 12 and 20) has made a very detailed analysis of the ablation of tek-
tites. He hasg indicated to us that for the stagnation point of tektites
entering the atmosphere at 6 = 20° the ratio of vapor-to-total ablation will

be

v, Mass vaporized
km/sec Total mass ablated

7 0.08
9 .15
11 .22
15 .38

Since liquid stone i1s probably less viscous than ligquid tektite, even
more extensive liquid run-off would be expected. For these low heating-rate
cases one must expect a considerable mass loss in the fluid state.

On the other hand, when air loads and heating rates are sufficiently
high one expects that ablation in the solid state may occur. Stone is a
weak material so that projecting segments may be torn from it when air loads
are high. Because the thermal conductivity is low, it may also spall as a
result of excessive thermal stress when heat rates are very great. Nininger
(ref. 1) notes that such structural failure is common for brilliant meteors.

For stone meteors, then, one expects ablation by vaporization; however,
when the speed of entry is low or the trajectory is nearly flat, fluid abla-
tion will predominate, or when the speed of entry is high and the body is
large and in steep descent, structural failure and spalling occur so solid
ablation may predominate. Also when the stone is weak, as we shall see
appears to be the case for several examples, solid ablation will be prevalent.

For iron meteors, thermal conductivity is reasonably high and the
material is strong. Ablation in the solid state would not be expected at all
except, perhaps, for huge bodies. On the other hand, liquid iron has a very
low viscosity (about one order of magnitude lower than for cold water) so
that when the melting point is reached, the melted layer should be rapidly
sluffed off by the aerodynamic shear. Thus one expects for iron a value of
£ corresponding more closely to fusion (i.e., the energy required to bring a
unit mass from the cold solid state to the liquid state).

ZNote that ¢ as used herein is not the so-called “"effective" heat of
ablation commonly used by aerodynamicists, but rather the actual heat of
ablation since Cy 1s the actual heat-transfer coefficient because it
includes the blockage of convective heat input due to ablation.
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Appropriate values for vapor and fluid ablation of stone and iron are
given in table I.

For the low density cometary types, which are presumably of a weak
porous stone, one expects profuse ablation in the solid state. Results of
heat-transfer analysis for such bodies, accordingly, will not be very useful
in attempting to assess heat-transfer coefficients.

An additional equation we shall find of wvalue is obtained from equa-
tions (1), (6), and (10)

C
o Hg(v2 4 2gn) (20)
m ~ 2Cpt
If one may substitute a mean value of Cg/2Cp{ in this expression it
can be integrated to give

m _ -(Cu/2CDt) [V -VE+2g(hg-h) ]

.- (Cu/2CDt) (Vg -v®) (21)
g

~

where subscript E denotes values at entry to the atmosphere.

Two computation procedures have been used to apply the dynamical method
of analysis to a number of meteors to be discussed later. These procedures
are detailed in appendix B.

The Photometrical Method of Analysis

In this method to find the mass variation during entry to the atmosphere
one must know veloclty and luminosity as a function of time or of altitude,
provided one also knows flight-path angle. To determine size and heat-
transfer characteristics as a function of time or altitude one must know the
density of the meteoric body as well.

Historically the photometrical method was developed for application to
small meteoric bodies entering the atmosphere at high meteor speeds. Such
bodies experience free molecular flow, so that no bow shock layer exists.
Thus the molecular collisions which occur are only the result of the air
molecules colliding with the molecules on and from the surface of the mete-
oric body. The luminosity observed mist result from the collisions of air
molecules with the molecules of wvapor from the surface and hence be propor-
tional to the rate of loss of mass and the collision energy per unit mass.
Thus Opik (ref. 7) gave the relation

2
I = -7 <¥—- dm (22)
2./ at



where

I luminous intensity, defined in meteor astronomy as the amount of light
received on a surface of 1 square meter area at a distance of 100 km
from the source (in units of kilowatts/square meter in this report)

T so-called luminous efficiency

The luminous efficiency varies with velocity. Jacchia (ref. 21) after
examining bpik's calculation found that T varied very nearly directly with
velocity over the speed range from 20 to 70 km/sec. He therefore proposed
the presently accepted mass-loss equation

dm 2T (23)

at TV

For known luminosity and speed as a function of time one could, from
integration of equation (23), then find the mass if the constant of integra-
tion were known. For fast meteors in free molecule flow, the factor

CrVE~

2Cpt (24)

-

is very large and the final velocity at the earth surface Vg, 1is trivial;
then from equation (21)

80 one can obtain the meteor mass as a function of time from

tO
_— = at (26)
'TO + A"A

where 1ty may correspond to any time near the end of the trajectory after
which I has become trivially small.

When the meteor entrance speed, Vg, is low then even for meteoric bodies
in free molecular flow the assumption that the end mass, m,, is trivial can-
not be made. Cook (ref. 22) has proposed a procedure for this case.

Although equation (23) can yield the mass during entry, neither the size
nor the heat-transfer factor can be determined until the density of the mete-
oric body is known. Again if the body is a sphere of known density then (for
my = 0) the radius can be found from

JL—’O
3 - _3—_ i at
T ngTODm u/; V3 (27>
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and the heat-transfer factor from equations (10) and (23) as

Cy N T >
- 28
Cpé ™ yosTo <$r2V6 (28)

The luminosity method as outlined above is applicable only to meteors in
the free molecular flow regime. In continuum flow the total luminosity is
composed of contributions from the execited air in the shock layer (resulting
from air-to-air molecular collisions) as well as from the products of abla-
fion (resulting from air-to-meteor vapor molecular collisions). Thus

ref. 23),

am _ 2T - Tg)

(29)

at TVS

where Ig is the gas-cap luminosity. For bodies at meteoric speeds, the
gas-cap luminosity will generally be much less than the total gas-cap radia-
tion would indicate since most of the air radiation is in the ultraviolet
which is not received at the photographic plates (usually the cutoff occurs
at wavelengths of 3500 A or greater).

A second difficulty with the use of equation (29) is that for the case
of continuum flow, Ty has not been evaluated. The molecular collisions of
air and vapor are generally less energetic so one expects the continuum T4
to differ from that appropriate to free molecular flow but, at present, by
unknown amounts.

A third difficulty is the following: In the dynamic method, the mass-
loss rate dm/dt refers to the meteoric body, but in the photometrical
method, this is not necessarily the case. The ablation luminosity, as noted
earlier, results from the collisions of air and vapor molecules and hence
does not appear until the material from the body is vaporized. If, as a
result of excessively great aerodynamic forces or thermal stress, material is
Jettisoned from the body in the solid state or if it flows off the body in
the liquid state, there will be a time lag until vaporization of the debris
occurs in the wake. Hence the mass, m, in the photometrical method refers to
the vaporizing mass in the system (body plus wake) and thus is not synonymous
with the body mass itself.

The final difficulty is that the equation for mass obtained by integra-
tion of equation (29) has a constant of integration which cannot, in the
general case, be evaluated. This was noted earlier to be a difficulty even
in free molecular flow for which, in the usual case, the Tactor CH/CD§ is
larger than for continuum flow. Thus, as noted in the earlier discussion of
equation (21), one cannot approach the limiting case of equation (25) until
the entry speed is even greater in the continuum flow case than is required
in the free molecular flow case.

11



In spite of the difficulties outlined above, the photometrical method
has much promise. It is employed in the analysis of five of the meteors of
this report. The procedures in these special cases are treated in appendix C.

In reviewing the variation with altitude of the heat-transfer factors for
the several meteors considered herein, as obtained from either the dynamical
or photometrical analysis, it is most valuable to compare the results with
estimated values of the heat-transfer factors assuming either pure vapor or
pure fluid ablation. Appendix D gives the details of the estimation procedure

used in this report.

METEOR DATA

The tracking results obtained from the photographic records of six
meteors have been used for analysis of size and heat-transfer history during
entry to be given later. Pertinent details of the individual meteors are
given in the following:

1. Meanook meteor 132

This meteor was photographed in Canada on October 20, 1952 at the Meanook
and Newbrook Meteor Observatories. A description of the results is given in
reference 24. Iuminosity data as well as velocity and acceleration are avail-
able as a function of time and altitude. The luminosity data are not tabu-
lated herein but are shown in figures introduced later. The velocity and
acceleration data are given in table II., The listing is more complete than
that given in the original report of reference 24 and contains a correction
for one acceleration value which, as originally given, was in error. These
complete values were communicated to the senior author by Dr. Peter Millman
of the National Research Council of Canada.

2. OndYejov meteor 15761

This meteor was photographed on the night of August 13, 1958 at the
OndY¥ejov Observatory and Prcice Station in Czechoslovakia. The data on this
meteor in complete form are obtained from reference 25. The data from table L
of the reference are given in table IIT of this report. The luminosity data
are given in a figure introduced later in the report.

3. Harvard meteor 1242

This meteor was photographed from the Harvard College Observatory and the
Oak Ridge Station (now Agassiz Station) in Massachusetts on February 6, 1945.
The reduced data are given in table IV as obtained from reference 26 with the
exception of the probable error values which were communicated to the senior
author by Mrs. Annette Posen of the Harvard College Observatory staff. The
probable errors in acceleration were given in percent and converted to the
tabular values shown. The probable errors in velocity were reported to be
negligible so that the error of #5 m/sec is appropriate to the original data
(given to closest 10 m/sec).

12



L. Sacramento Peak meteor 19816

This meteor was photographed on December 8, 1958 with the Super-Schmidt
meteor cameras at the Sacramento Peak and Organ Pass Meteor Stations in New
Mexico. The reduced data are given in table V as obtained from reference 26.
The value of probable errors in velocity and acceleration were commnicated
to the senior author by Mrs. Annette Posen of the Harvard College Observatory
staff.

5. Ondfejov meteor 27471

This meteor was photographed on the night of October 26, 1960 at the
Ond¥ejov Observatory and Prcice Station in Czechoslovakia. The data on this
meteor are to be published (ref. 27). The data shown in table VI were those
Dr. Ceplecha distributed at the International Symposium on the Astronomy
and Physics of Meteors held in Cambridge, Massachusetts, August 28 -
September 1, 1961.

6. Ondiejov meteor P¥ibram

This brilliant fireball (-19th absolute magnitude) fell on April 7, 1959
in Czechoslovakia (ref. 28) and was photographed at the Ond¥ejov Observatory
and the second station at Prcice. At the Ondrejov Observatory, one camera
with rotating shutters provided data from which velocity and acceleration
could be deduced only over the initial portion of the trajectory (90 km > h
> L0 km) wherein the large descending body was still intact. Structural
collapse began at a slightly lower altitude and progressive separations
followed. The resulting trajectories of the fragments were photographed but
velocity data from the later flight records are not complete. The separation
of the main body intec 17 pieces was photographed well enough so that 4 of the
resulting meteorites were found from the tracking data. Table VII gives the
velocity and deceleration data for the beginning segment of the trajectory.
The luminosity data from the reference have been plotted in figures intro-
duced later in this report.

RESULTS

It is the purpose of this report to determine to what extent analysis of
meteor tracking data can contribute to our knowledge of heat transfer to
large entry bodies in continuum flow at entry speeds well in excess of earth
parabolic speed. Results of the analyses of each of the six meteors intro-
duced in the preceding sections will be given and discussed in order to
attempt to answer the following questions, which are basically three:

1. Can the photographic record of the flight of a meteoric body through
the atmosphere provide the measurement of velocity as a function of altitude
with the degree of accuracy required for the meteor size and heat-transfer
results to be meaningful when analyzed by the dynamical method?

13



2. Do the heat-transfer results appear reasonable? In particular, what
do they infer regarding the structural integrity of meteoric bodies subjected
to large aerothermodynamic loads?

3. Does the photometrical method of analysis yield results in agreement
with the dynamical method? In particular, does it appear that the assumption
of a constant value for the luminous efficiency factor, Tp, independent of alr

density, size, or speed, 1is valid?
Meanook Meteor 132

The reduced® velocities and accelerations data are given by the circled
points in figures 1 and 2. The solid lines on these figures show velocity
and acceleration variation with altitude calculated by means of a sixth-
degree, least-squares polynomial fit in which all velocity and acceleration
data were used to evaluate the coefficients in the series. Not only do the
reduced flight data show remarkably smooth variations with altitude but these
data are self-consistent as indicated by the resulis obtained from the series.

In figure 3 the variations of meteor density-radius product with altitude
as deduced from the point-to-point sclution and the series representation of
the data are seen to be in good agreement, except at the highest altitudes
where small errors in acceleration can promote large errors in the meteor
density-radius product. The results are certainly acceptable.4

The circled points of figure 4 give the measured luminous intensity as a
function of altitude for this meteor. The solid curves show what 1s calcu-
lated as total lumincus intensity for meteor densities of 800 and 900 kg/m3
presuming that the luminous efficiency factor, 75, has the value suggested by
Jacchia (see appendix E, egs. (E12) and (E13)). The dashed curves represent
the calculated contribution of the shock layer to the luminous intensity
which, for this meteor, is a small part of the total. The inference, here,
is that the meteor density is between 800 and 900 kg/m3 - that is to say, less
than the density of water (1000 kg/m3). The fact that the variation of the
calculated and observed intensities with altitude is roughly the same indi-
cates that 75 1s apparently not importantly influenced by meteor velocity
or air density but it should not be inferred from this figure that the proper
value for To could not be either larger or smaller than that used for these
calculations. For example, had the value of To wused been zero the

3In this report "original data' is defined as the data deduced from each
and every segment of the occulted meteor track on the meteor camera photo-
graphic plates while "reduced data" is that obtained from least-squares fits
to groups of original data points; see appendix B.

“Note that the abscissa of figure 3 should properly be (pmr/CD). Thus
if Cp were to increase at the highest altitudes shown, one could account for
the observed trend. Just such an increase would occur if this region were
characterized by transition from continuum (Cp £ 1) to free molecular (Cp = 2)
flow. TFor the expected density the body size is so large relative to the mean
free path that this explanation is not attractive here.
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agreement between the shock layer luminous intensity alone would have agreed
about as well with the observed intensities if the meteor density were
assumed to be 240 kg/m?. This is seen in figure 5. However, it must be
noted that To cannot be either zero or very small compared to Jacchia's
value because the observed spectrum (ref. 24) shows such strong radiation in
the wavelengths corresponding to the typical meteoric material (iron, calcium,
etc.) that the air radiation wavelengths are not evident by comparison,

Figure 6 gives the variation of the heat-transfer factor, CH/CDC, with
altitude, The point-to-point values are shown as the circled values while
the series values are shown by the solid line. The dotted curves represent
the estimated values® for the heat-transfer factor when the meteor density is
assumed to be 900 kg/mﬁ for both vapor and fluid ablation. It is seen that
even the estimated values for fluid ablation fall short of those deduced from
the flight data by the dynamical method, ZPresumably this low-density mete-
oric body, supposedly porous, was subJect to successive structural failures
from the high aerodynamic and thermodynamic stresses induced so that a fair
fraction of the surface material was ablated in the solid state. Thus the
heat of ablation would be low so that the heat-transfer factor exceeds what
would otherwise be expected.

Let us turn now to the results as predicted by the photometrical analy-
sis. The best fit for velocity and acceleration was obtained with an assumed
meteor density of 850 kg/m3. Figures 7 and 8 give the results which are cer-
tainly satisfactory when compared to the flight data. Figure 9 shows a com-
parison of the meteor density-radius product as determined by the photometri-
cal analysis with those deduced by point-to-point dynamical analysis (circled
points) and the least-squares series dynamical analysis (dashed curve). Fig-
ure 10 shows a similar comparison of the results obtained from the photomet-
rical and dynamical methods for the variations with altitude of the heat-
transfer factor. These results are in rather remarkable agreement.

All in all, the results of this study of Meancok meteor 132 are most
encouraging. The reduced velocity and acceleration data as well as the
observed luminous intensity are of high guality and are mutually consistent.
One cannot escape the conclusion that tracking of meteors by the photographic
method can be precise.

OndYe jov Meteor 15761

It is of considerable interest to compare the results of the dynamical
analysis of this meteor with that of Meanook meteor 132. Figures 11 and 12
give the reduced data for this meteor and compare it with the sixth-degree
least-squares series results for which the series coefficients are based on
2ll the velocity and acceleration data. As for the previous meteor, the

SThe present estimates do not agree with those given in reference 23
which contained some serious errors in evaluation of radiation heat-transfer
contributions.
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velocity variation with altitude appears smooth and well defined. The
accelerations are not so satisfactory, however, but the reduced values of
mean error appear sufficiently large, in the main, to permit a reasonably
smooth variation to be defined. The meteor density-radius product, as seen
in figure 13, now appears ragged and ill defined. The serious weakness of
the dynamical method is that in passing from velocity to acceleration (or to
the density-radius product) to the heat-transfer factor, each function
involves, in turn, differentiation of the last. Thus unless the velocity,
for example, is unusually well defined, the heat-transfer results are apt to
appear chaotic. Figure 14 demonstrates this well. On first view of these
results they appear to be worthless. But, if Instead of looking at the alti-
tude distribution, one calculates by the dynamical method the mean value of
the heat-transfer factor over the whole altitude range, one obtains

EEL x 108 = 1.98 * 0.71 sec®/m? (30)

Cpg

by the point-to-point method which compares favorably with

C
B w108 = 2.13 sec®/m? (31)

Cpé

for the mean value obtained from the series method.

A question naturally arises as to why the quality of the data for this
meteor appears to be so inferior to that for the Meanook meteor 132. One
likely explanation is that on the night the Czechoslovakian meteor was photo-
graphed, the upper atmosphere was turbulent so that the light was diffracted
in different directions at different positions along the trajectory leading
to an apparent fluctuation in speed which, in fact, was not real. Such
atmospheric turbulence causes Jitter of a fixed star image seen through a
telescope. Astronomers refer to such a situation as "a poor seeing condi-
tion."® Conversely, the Canadian meteor results were probably obtained under

good seeing conditions.

Pigure 15 gives the observed luminous intensity for the Ondiejov meteor
15761 as shown by the solid curve. The dashed curves show the calculated
characteristics for an assumed meteor density of 1000 kg/m?. The agreement
between the calculated and observed trends are so inadequate as not to fix
the probable value of density by examination of this figure. The photometric
analysis does indicate that about the best fit of the meteor density-radius
product with that calculated from the dynamical analysis gives a meteor den-
sity of 1100 kg/m3, as shown on figure 16, which was accordingly the value
used in estimating the heat-transfer characteristics. As for Meanook meteor
132 this meteor 1s apparently composed of some weak porous material.

81t would seem advisable at meteor photography stations to install a
telescope to measure the jitter of the image of some fixed star (e.g.,
Polaris) so that the probable accuracy of the meteor tracking data could be
assessed.
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The results of the photometrical method appear far more satisfactory.
Figures 16, 17, and 18 compare the meteor density-radius product, velocity,
and acceleration from this method and from the dynamical method. Finally,
figure 19 compares the heat-transfer results of the photometrical analysis
with the series method of the dynamical analysis. The photometrical results
are reascnable ones. As for Meanook meteor 132, a constant value for Tg
therefore seems appropriate.

Harvard Meteor 1242

Figures 20 and 21 give the velocity and acceleration data for this
meteor and, for comparison, the results of a fourth-degree least-squares
series. The comparison is not encouraging. Thus the curves of meteor
density-radius product (fig. 22) and the heat-transfer factor obtained
(fig. 23) are ragged. However, if one excludes the high-altitude point-to-
point value for the heat-transfer factor, the point-to-point results would
seem reasonable for stone (pm = 3400 kg/m?) when compared with the estimated
values. However, a comparison of the calculated lumincsity employing
Jacchia's value for luminous efficiency (appendix E) favors some more dense
?aterial such as iron (pm = 7800 kg/mS) as the meteoroid composition

fig. 24).

It is the opinion of Cock, Jacchia, and McCrosky (ref. 26) that this
meteoroid is a typical asteroidal steone, so that one perhaps can use the
photometrical analysis to define a better value for the luminous efficiency
factor, Tg, than that used throughout this report. Accordingly, in these
calculations a range of values were assumed for To. Figures 25, 26, and 27
give the velocity, acceleration, and meteor density-radius ratio for the
"best Tit" case for which

20 kw sec?

To = 0.85x10 g oE

(32)

The heat-transfer factor from the photometrical analysis with this value of
the luminous efficiency factor is shown in figure 28 wherein it is compared
with the point-to-point values from the dynamical analysis and with the
estimates for stone. These photometric values are less ragged in their alti-
tude variations than are the dynamical values. One expects this behavior
from such a small and slow-speed stone body because aerodynamic loads and
thermal stress are low so that solid-state ablation should be minimized. The
velocities are low so that the estimated values should be reasonably accurate,
as essentially no extrapolation of our present knowledge is required. Never-
theless, the photometric values are well above the vapor estimates.

17



Sacramento Peak Meteor 19816

The reduced data for velocity and acceleration are compared with the
fifth-degree least-squares series solution in figures 29 and 30, respec-
tively. PFigures 31 and 32 give the meteor density-radius product and the
heat-transfer variations with altitude, respectively, for both the point-to-
point and series solution of the dynamical analysis. The estimated heat-
transfer characteristics assuming vaporizing stone (pm = 3400 kg/m3) are in
reasonable agreement with the point-to-point values when the probable errors
are taken into account. The assumption of stone density seems to give fair
to poor agreement between the level of the calculated and observed luminous

intensity’ (fig. 33).

As in the case of the preceding meteor, this one is considered (ref. 26)
to be typical asteroidal stone. Hence, again, the photometrical analysis
might serve to give a better value for the luminous efficiency factor, Tq,
than that which has been used throughout this report. Figures 34, 35,
and 36 give the velocity, acceleration, and meteor density-radius product for
the "best fit" wvalue which is

0-20 kv sec?

kg m®

To = 0.95XL (33)

FPigure 37 gives the heat-transfer-factor variation with altitude from
the photometrical analysis with the above wvalue for the luminous efficiency
factor. Point-to-point dynamical analysis results are given for comparison
as well as the estimates for stone. The values are on the average somewhat
above the estimates for vapor ablation.

OndYejov Meteor 27471

For this meteor, velocity data only are given. Figure 38 compares the
original data with a fit by a fourth-degree least-squares series. Figure 39
gives a similar comparison with The reduced data. If one uses the reduced
velocity data to define a series in which the seven velocity values determine
seven coefficients, the resulting accelerations are those shown by the cir-
cled points in figure 4O. These values are, therein, compared with the
fourth-degree least-squares series result and the agreement is excellent.
Hence, as seen in figure 41, the agreement in the meteor density-radius prod-
ucts is also very good except at the highest altitudes where small differ-
ences in acceleration make large changes in the value of the product. The
variation in heat-transfer factor with altitude (fig. 42) shows similar
agreement. Luminosity data are not available for this meteor so no photomet-
ric analysis could be made. The estimated heat-transfer characteristics were

7T+ will be noted that more original data are given in the figure than
in reference 26. These were provided by Dr. R. E. McCrosky in a private
communication.
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evaluated assuming that the metecroid was either heavy stone or iron. For
vapor ablation there is little difference in the estimate unlike the case for
fluid ablation. Ceplecha, from examination of the spectrum, considered that
this meteor could have been iron. The dynamical analysis values lie between
the vapor and fluid estimates. They suggest that this meteoric body may well
be iron which experienced sufficient ablation as vapor to reduce the heat-
transfer coefficient from that estimated for iron with purely fluid ablation.

Ond¥ejov Meteor Pribram

Before examining the Privram case
in detail it is advisable to review the
fundamental equation of motion used in
the analysis. Equation (1), as it
stands, is correct for a body which
either does not ablate in the vapor
phase, or, if it does, experiences no
net reaction in the direction of motion
from such ablation. For bodies in con-
tinuum flow which experience vapor
ablation,such will not usually be the
case since some Jjet reaction to
increase the retarding force is to be
expected. One may approximate the mag-
nitude of this reaction in the follow-
ing way:® As shown in sketch (a)
ablatiqn from the forward face of the
body provides a two-gas flow field in
the compression cap. If the efflux of
vapor is not large, the pressure in the
gas cap ahead of the interface will be
essentially the same as it would have
been in the absence of ablation. The
average value for this pressure 1is
therefore the drag per unit area

Bow shock

——A(//r——lnterfuce

— Vapor

D = % CpoV® (34)

Sketch (a)

The equation of motion is then® - if Vy, the velocity of efflux of the
vapor from the surface relative to the body, 1s arbitrarily assumed, for
maximum retrothrust, to be counter to the direction of motion of the body

8This analysis was developed jointly by Barrett Baldwin, Vernon Rossow,
E. Dale Martin, and the senior author of this report.

2See reference 29 for a discussion of the equation of motion of a body
experiencing a change of mass with time.
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av . 1 > dm
—_— = s 0 - = CnpVEA + V., —
T Ep T e s o “DP vV at (35)

and since

dm
prile -oVvA (36)
then
dav 1
m — =mg sin 6 - = CppVFA - p V5A
il 5 Cpe oV (37)
The gas law with equation (34) gives
1 CppV®
-2 -1 (38)

so that equation (37) becomes

2
av ) 1 - Vv >
m — = sin 6 - = CppVFA (1 + —
ot mg 5 CoP < BTy (39)

Now, in equation (lO), the kinetic energy of the ablating wvapor must be added
to the intrinsic heat of ablation so

VN dm 1
+ — ) = = - = CppV3A 40
<§v 5 at 5 HEe ( )

With equations (36) and (38) this becomes

2RTCV
Ve # 2L Ty - — Y _ g (41)
v Cp
The solution for Vy 1is
2¢
Vy = 2 [—Y sinh %
where (L42)
int RIvCgV
sini @ = a/2
Cp(28y/3)
Thus the motion equation can be written
av . 1 -
m = = ng sin 6 - 5 CDgppoV-A (43a)
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wherein the maximum possible value of Cp,pp 1S

s1nh2 $>

CDgge . = CD <; +

wherein (43b)

_— RTCyV

sinh @ = ~ e
CD(ZCv/3)
J
For values of ¢ of interest in this report ¢ = sinh ¢
RTy /CaV\2
CDeffmax = Cp [l + AN (L3e)
v

where for a molecular weight of wvapor of 50

R = 166 m2/sec® °K (4ha)
and with
T, = 3x10% K
(v = 9.2X10° m?/sec?
gives
Chesgyy = CD [1 +0.59 <g%;f<i%%;f} (4b)

F'or all of the meteors except Pfibram, the estimated heat-transfer coeffi-
cient is sufficiently small compared to the drag coefficient or the speeds
are so low that the effect of retrorocket thrust from ablated vapors is
trivial, as can be seen in Tigure 43.

For P¥ibram the assumption of unity for the drag coefficient can be in
considerable error at the lower altitudes. For several of the analyses of
data for P¥ibram we have therefore considered the two extremes for the drag
coefficient (see appendix D)

CDeffmin =Cp=1+Cqy (l|.5a)
and
ot [0 (S
or (45p)
CH 2 v 2
CDeffma.X = <l + CH> [l + 0.59 <ﬁ§{> CLF>:]
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It was noted earlier for the P¥ibram meteor that, although the rotating
shutter tracking cameras provide flight data for about a 50-kilometer alti-
tude change, the body was so large that the speed change over this interval
was very small indeed (less than 500 m/sec in more than 20 km/sec total).
Nevertheless, the quality of the data on velocity (fig. 44) and acceleration
(fig. L5) at first glance appears excellent. A second-degree polynomial fit
using all the reduced data to determine the series coefficients gives
smoothly varying values which with few exceptions lie within the listed mean
errors. However, when one examines the variation of meteorcid radius with
altitude, assuming a drag coefficient of unity, one finds (fig. 46) that the
indicated variation is unrealistic (i.e., over a range of altitude, radius
increases with decreasing altitude). The series results suggest that the
radius at entry might have been as large as, perhaps, 0.3 m but more likely
less. It is interesting to note that Ceplecha (ref. 28) has estimated that
the initial mass for a drag coefficient of unity (I = 0.5) was 700 kg which
corresponds to a radius at entry of 0.37 m.

Another attempt was made to ascertain the probable size of this meteoric
body using an analysis, employing a step-by-step integrational procedure, as
follows: For an assumed body radius at an altitude of 100 km with assumed
velocity of 20,867 km/sec, the estimated heat transfer and drag coefficient
(appendix D) were found. These values were used over an interval of 1 km
altitude to find the values of r and V at 99-km altitude. The procedure
was repeated down to an altitude of 40 km. The calculations were made for s
range of wvalues of initial radius and for both the maximum effective drag
coefficient (eq. (45b)) and the minimum (eq. (452)). The results of these
calculations are shown in figures 47 and 48. Figure k7 suggests that the
radius must be much less than 0.1 m,lo while 48 suggests that it might be
between 0.1 and 0.2 m.

The photometrical analysis of P¥{bram followed the procedure outlined in
appendix C. As noted therein the analysis assumed that the effective drag
coefficient could be the minimum or maximum. Figure L9 shows the calculated
radius variation with altitude for entry radii up to 1.6 meters. Clearly,
the photometrical results are at variance with the dynamical results in that,
as seen in figure 49, the initial radius must be of more than 1.3 meters if
the body is not to vanish before it reaches an altitude of 40 km. The veloc-
ities and accelerations as obtained from the photometrical analysis are shown
in figures 50 and 51. The results for the large radius are in complete dis-
agreement with the data even for those results obtained with the maximum
effective drag. With reference to the luminous intensity (fig. 52)1 the
photometrical analysis indicates that the calculated luminous intensityl®
from the shock layer accounts for all the luminosity at the highest altitudes

Osuch small values are absurd. The total mass of the found meteorites
is about 6 kg. The mass of a chrondrite having a radius of 0.1 m is only
14 kg.

110n this figure the gas-cap luminous intensity is shown only for the
minimum effective drag case. The values for the maximum effective drag case
are the same.

12The calculated shock-layer intensities are in error at the lower
altitudes since no allowance for absorption within the layer was made.
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when the entry radius is about 1.8 m. However, at peak intensity, even with
a heat-transfer coefficient of unity and with all the released energy appear-
ing as visible light, the radius must be a minimum of about 4 meters.

One partial explanation for this latter inconsistency is the following:
In reference 30 it is noted that at very high speeds the radiation from the
shock layers of a blunt body will be predominantly in the ultraviolet wave-
lengths. If the air density ahead of the shock is sufficient, this radiation
will be absorbed in the region immediately ahead of and beside the shock
layer. Presumably, at the lower altitudes this preheating could suffice to
produce visible radiation from this region and so materially increase the
apparent visible radiation from the gas cap. However, the calculated value
of n for this meteor at the lower altitudes is about 0.1 and one would not
expect the preheating to more than double or treble this value. This pre-
sumed. phenomenon is thus alone incapable of explaining the large discrepancy
which exists.

Another partial explanation is the following: It is readily appreciated
that for this meteor at lower altitudes the heating rates are very high so
that essentially an explosive efflux of ablated material in the solid as well
as the gaseous state may have occurred.® Thus one conceivably may explain
the large effective size. Moreover, the efflux of material should, in the
main, be toward the direction of motion so that the deceleration of the main
body would be enhanced. This may serve to explain, in part at least, the
discrepancy between the measured velocity variation with altitude and that
expected from photometric consideration.

This meteor record is, thus, enigmatic. The results of the photometri-
cal analysis are not self-consistent nor are they consistent with the meager
results obtained from the dynamical analysis.

DISCUSSION AND CONCLUDING REMARKS

With reference to the dynamical method of analysis of meteor tracking
data obtained from the conventional photographic technigue, it appears that
with "good seeing" conditions, as for Meanook 132 the velocity-acceleration
record can, in fact, be sufficiently precise to yield valuable heat-transfer
data if the meteor density is known or can be inferred from a photometrical
analysis.

It appears that the photometrical method of analysis is sound in princi-
ple. The Meanook meteor 132 and the Ond¥ejov meteor 15761 luminosity data
suggest that the luminous efficiency factor Ty apparently is constant or

13Plate IT of reference 1 is a remarkable photograph of the Pasamonte
meteor for which such explosion occurred. This friable meteoric body, which
mist have been of great mass, was reduced to dust and a multitude of small
meteorites during its entry to the atmosphere. Of the more than 100 meteor-
ites found, the mass of the largest was but 292 gr.
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nearly so (i.e., not a strong function of speed or air density) in continuum

flow. However, for these meteors the density is an unknown - the photometric
analysis was used, in fact, to estimate size - so the magnitude of T, can-

not, of course, be inferred from these examples.

On the other hand, the Harvard meteor 1242 and the Sacramento Peak
meteor 19816 are presumably asteroidal stone so that their density would be
expected to be about 3400 kg/m®. These two meteors, therefore, permit
refined estimates of the luminous efficiency factor. Also since their speeds
during entry are considerably different they may, perhaps, shed some light on
the variation of To with speed. For the unusually slow Harvard meteor 1242
the peak luminosity occurs in the range from 9 to 12 km/sec while for the
Sacramento Peak meteor 19816, in the range 12 to 19.

In figure 53 the "best fit" values for To for these two meteors are
plotted as a function of speed and compared with the value used as a standard
in this report. It is seen that but a trivial variation with speed is indi-
cated and that the standard (Jacchia's value) used in the report is Pprobably
too high for stones in continuum flow. It is of interest to note that in
reference 26 a smaller value of To appeared appropriate (from analysis of
these same two meteors). The suggested value for stones (from ref. 26), in
the units of this report, is

0-20 kw sec®

TO = l-O6Xl
kg m°>

This value is in essential agreement with the results of the analysis of this
report.

Had a lower value than Jacchia's been used in the photometric analysis
of the Prlbram.meteor, an even larger value for the probable initial SlZe for
this body would have been obtained. Similarly, the Meanoock 132 and Ondregov
15761 would have been estimated to be of even lower density.

Not much can be inferred about the heat-transfer characteristics of the
various meteors from the comparison of the flight values of the heat-transfer
factor with the estimates. All of these meteors are large enough to have
experienced continuum flow during the high-heating period of flight. For the
meteor 1242 the results of the photometrical analysis and of the average for
the dynamical analysis essentially agree with the estimates for fluid abla-
tion. For a stone meteoroid with such a slow speed of entry this would not
be surprising, as noted earlier. Sacramento Peak meteor 19816, for which the
flight speeds are considerably higher, shows both from the photometrical and
dynamical results to be in much closer agreement with the estimates for vapor
ablation. This, agalin, is in keeping with expectation. For the other mete-
ors the results are more inconclusive. Both Meanook meteor 132 and OndYejov
meteor 15761 are apparently composed of porous stone that is probably weak.
The fact that the heat-transfer factors even exceed what was estimated for
fluid ablation is therefore not surprising. For Ondrejov meteor 27471, which
entered the atmosphere at a considerably higher speed than the others, the
flight heat-transfer factors are reasonably consistent with the assumption
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that this body is iron as suggested by Ceplecha. The Pribram meteor data are
not self-consistent and so do not provide further heat-transfer information.
This is most unfortunate for it is the only meteor considered for which the
density is assuredly known.

The indication of all these comparisons is, however, that the estimated
heat-transfer factors for vapor ablation are low. One reason for this dis-
crepancy noted in reference 31 is that the estimated heat-transfer coeffi-
cients have not included one important contribution, namely the heating due
to radiation from the ablated vapor. This contribution may be approximated
in the following way: The total radiation rate resulting from gblation, Eg,
all of which is assumed to be luminous, must be the sum of that observed cor-
responding to Ig and that part received by the meteor, kFEy. Then from the
definition of luminous intensity, the total ablation radiation rate in units
of kg m® sec~3 must bel?

£, = b < % k> Tox1013 (46)

The ablation heat-transfer coefficient is thus

k 13 k 13
Lt < - k> I5Xx10 8 <—-——l - 1<:> IoXx10

g = — - (47)
a, AT Sr2
L stA popv r
2
which should be added to the original estimated Cy values. But from
appendix E (eq. (E7)) with CH, included
TTop Cyg + Cg
I, = o < a) pr2ve (18)
b €
so that
2nTy < > V3x1013 —T
-k
S — Cr (149)
21 To <}—E;—> Vex1012
1 -
1 B S
- € .

should be added to the original estimates.

1%The blocked light, kﬁa, depends on the aspect from Wwhich the meteor is
viewed, but since kX dis small, the error due to change in viewing aspect is
ignored.
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Low values of k are to be expected because the largest portion of the
total ablative radiation emanates from the wake. This is evident in the
photographl5 of figure 54 of an ablating cone-cylinder body composed of
"Lexan," a material that produces unusually intense radiation from its
ablated vapor. In an unpublished work Jack Stephenson of Ames Research
Center has calculated values of k from flight experiments at lower speeds
than of interest here. He finds k ©To be a function of alr density and
velocity. Values of k for vapor ablation up to 0.05 were found (i.e., most
of the radiation is in the wake) but there is no assurance that larger values
might not be appropriate for meteor conditions. (Values for k with fluid
ablation would be much less.) For the value of T, used herein (eq. (E13))
and for vaporizing stone (table I) equation (L9) yields the values of CH,/CH
shown on figure 55. As speed increases, it is clear that ablation radiation
can be an important contribution. This is particularly true if k for
meteor conditions is much greater than Stephenson found at lower speeds. 1In
fact, as noted by Craig and Davy, equation (49) becomes unstable at some
velocity for which the denominator goes to zero. Of course, the heat-
transfer coefficient then, in reality, approaches a limiting value ag dis-
cussed earlier.

The NASA has recently supported a proposal by the Smithsonian Astro-
physical Observatory to construct and operate a network of meteor observa-
tories in the midwestern states for accurately tracking bright meteors by
photographic methods with the intent of retrieving the meteorites. This
"Prairie Network," it is hoped, will provide us with muich new and needed
meteor data from which we stand to learn a good deal about the aerodynamics
and heating of large bodies at speeds well in excess of earth parabolic
speed. Because the meteorites will hopefully be recovered, the meteor den-
sity will be known so that much of the uncertainty of results attendant with
the analyses of the meteors of this paper will be absent. In particular; we
should be able to learn much about the influence of velocity and air density
on the luminous efficiency as well as to provide better estimates of heat-
transfer factors for comparison with the results deduced from the flight

data.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., Feb. 28, 196L

15This photograph was made with an "image-converter'" camera by Mr.
Max Wilkins in a ballistic range of the Ames Research Center. The body has a
diameter of 1/2 inch and the flight speed is 7.2 km/sec.
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APPENDIX A

SYMBOLS

The following symbols are used in this report. The symbols in
parentheses are those used by meteor astronomers and are equal to the report
symbols.

81,80ye00,an coefficients of a power series in 5, m® . sec™@

A cross-sectional area of meteoroid sphere, m® (Am2/3)
Agyy area of bow shock assumed equal to A, w2

c constant

C constant

Cp drag coefficient, dimensionless (2y or 2r)

Cy " heat-transfer coefficient, dimensionless (A or A)
%% acceleration, m « sec™®

E time rate of radiant energy release, kg m2 sec™3

g acceleration of gravity, m sec™2

G1,G2,G3,Gq probable error functions, dimensionless

h altitude, m

T luminous intensity, kw m™2

(0 mag) 1070 % My

k fraction of ablation vapor radiation received by body
Kn Knudsen number, 1/r, dimensionless

1 mean free path of air molecules at altitude h, m
1o mean free path of air molecules at sea level, m

m mass, kg

Mpg apparent bolometric magnitude of the sun
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&
absolute photographic magnitude

absolute visual magnitude

time rate of heating per unit area, kg sec™>
radius of meteoroid sphere, m

solar constant, kw « m™2

time, sec

temperature, °K

velocity normal to shock wave, m - sec™*
shock-layer volume, m3

meteoroid velocity at any altitude h, m - sec™t
efflux velocity of ablating vapor, m sec™*
ablation parameter, dimensionless

inverse of scale height, m~%t

shock-layer thickness, m

probable error or mean error as case may be

heat of ablation per unit mass in energy units, m® sec™®

(Q or ¢)

fraction of shock-layer radiation in visible range of wave-
lengths, dimensionless

trajectory angle measured from local horizontal, degrees of
arc (cos Zg = sin @)

air density at altitude h, kg/m®
sea-level air density, kg/m>
ratio of p to Po

meteor density, kg/m°

ablation asymptote, dimensionless

luminous efficiency, kw sec® kg™t m~*



lim

min

uu

1 -5

luminous efficiency factor, kw sec® kg™ m

angle measured between radius to stagnation and radius to
arbitrary point, radians

Subscripts

ablation

convective

equilibrium radiative
effective

entry to the atmosphere
fluid ablation

gas cap

- limit

maximim

minimum

nonequilibrium radiative

stagnation point

uncorrected for approach to free molecular flow

uncorrected for approach to free molecular flow and for
approach to limiting permissible value of CH/CD

vapor ablation

sea level
Superscripts

power of density in equilibrium radiation equation
power of velocity in equilibrium radiation equation

power of wvelocity in nonequilibrium radiation equation
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APPENDTX B

COMPUTATTIONAL PROCEDURES FOR THE DYNAMICAT: METHOD OF

ANATYSTS OF METEOR TRACKING DATA

The photographic plate of a meteor camera with a rotating shutter of
known rotation rate provides a time-distance record of the descent of a mete-
oric body in the atmosphere. From this plate and a streak photograph from a
second observatory camera, located along a base line some distance from the
first, one can determine the velocity, V, and the acceleration, dV/dt, of the
body as a function of time, t. The records provide, in addition, the angle
between the trajectory and the local horizontal 6 (or vertical, Zg). Hence,
the velocity and accelerations can also be expressed as functions of alti-
tude, h. A very large amount of "original data" is thus obtained but the
accuracy of the individual values is relatively poor for many reasons (one of
which is discussed in the report). To improve the accuracy of the values,
meteor astronomers customarily analyze groupings of these data by the method
of least squares. The results of such analyses provide a lesser amount of
information of higher probable accuracy. These data are referred to, herein,
as 'reduced data."

The Czechoslovakians make a practice of publishing both the original and
the reduced data and of including the mean error in these data as well.
Their reports are thus very complete. In the United States and Canada the
original data are not reported and generally the probable errors or mean
errors are not given.

Two computational methods have been employed in this report for deter-
mining the size and heat-transfer characteristics from the meteor tracking
data provided. The first, called the point-to-point method, employs the
reduced data. It is simple and conveniently provides probable or mean errors
in the final results if the probable or mean errors in velocity and accelera-
tion are given. The second method, called the series method, can be used
with either the original or the reduced data and is applicable whether or not
acceleration information is provided.

THE POINT-TO-POINT METHOD

For any altitude, h, the product of the metecr density and radius may be
found for the given velocity and acceleration from equation (1k4) as

BCDpo 5V2 }
Pt = = g [(dv/dt) ~ g sin © (B1)
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For mks wunits and with the 1959 ARDC Standard Atmosphere
(pg = 1.225 kg/m3) and with Cp = 1, then the density-radius product (kg/m2)

= .0.459 [ V= J (B2)
O™ = 7 (av/at) - g sin 6

The gravity term, as noted earlier, is generally trivial and, accordingly,
ignored. The actual meteor size requires knowledge of the meteor density
Pp+ 1f the mean errors in velocity, AV, and in acceleration, Aldv/at), are
given, the mean error A(pmr) can be found (treating the mean errors as
probable errors - see ref. 32) as

Apgr) = fpyr \/(%)2 + [ . Alav/at) :12 (B3)

(av/at) - g sin 6

Equations (13) and (7) give

dr Cy -
—_— = ——_ g(v
= Zont ( + 2gh) (BL)

and if we set CH/CDQ constant over any altitude interval h, (upper) to ho
(lower) then

Su 6 1n (ra/rz) (85)
Cpt  V.# - Vo2 + 2g(hy - ha)
so that from (Bl) and (B5), if Cp is unity,
. 2 .
‘ Zn_{plvl [(dV/Qﬁ)EV- g sin 0]
Cy 5.V2 [(av/at), - g sin 6] (56)
Cpt v,% - V" + 2g(hs - o)
The mean error A(Cyg/Cpf) can be found from (see ref. 32)
C .2 , N 2 2 2
5\, §N]Gl + G22 + GaZ + CGa (57)

Cpt/ T Vi® - V22 + 2g(hy - hg)
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where

It

cuv.®
e 2AV1<1_ Hl>

V1 6CD§
G-2 _ EAVQ <l CHV2 >
Vo 6Cnt
B8
n(av/at) 4 > (28)
Gs =

(av/at), - g sin ©

_ Alav/at),
- (dV/dt)2 - g sin 6 J

The values of Cg/Cpt and A(Cg/Cpt) are assumed to apply at the mean of
the altitudes h; and hp.

THE SERIES METHOD

The method is based upon the assumption that since V and r are func-
tions of h, they are also functions of p. A power series in p 1s there-
fore used in the form

(V2 + 2gh) = 8o + 215 + 825° + agh> + . . . anf (89)

- Differentiation gives

g& (V2 + 2gh) = 2v QY + 2g gp (V@ + 2gh)(aq + 2855 + 3835~ + « . . nanén_l)
o}
(B10)
Now
&W_ WA dh_ y gy B IV sin 9 gp 2v Y> (B11)
dt dp dh dt dap as
so that equations (B10) and (Bll) give
av 1l /e - -2 n-1, . dp
—_— = sin 6 - = (V= + 2gh)(ay + 22 + 3a + . . . na 6 —
Tt g ) ( gh)(ay 20 + 3a3p np )sin an
(B12)
As is well known, air density varies nearly exponentially with altitude
according to the formula
- -Bh
5=rc” (B13)
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where B is nearly constant. Thus differentiation of eguation (B1l3) gives

as -8h ag - an
= = - +h =)= - + h = Bl
an -~ ¢ <B dﬂ) <F an (BLL)
so that equation (B12) can be written
av . 1 > ag . — _2 _n
— =gsin 9 + = (V2 + 2gh) (B +h =) sin 6(a15 + 2agp~ + . . « napp )
Table VIII gives the 1959 ARDC values of o (from ref. 19) and values of
B + h(dB/dn) for the altitude range of interest in this report. Equa-
tion (B15) in the form
av/dt) - sin @
( / )- gemc = ap + 2a2§2 + 3a353 + . . nanén
(1/2)(V® + 2gh)[B + h(dp/dn)]sin 6 (B16)

is also useful.

Employing these series for analysis is useful in cases wherein:

(a) The data are incomplete.

(b) The data variations with altitude are erratic.

(¢) The data are both incomplete and erratic.

An example of case (a) is one wherein nonerratic reduced data for V
are given but dV/dt data are not. Then, if p wvalues of V are given as

a function of h, values of the series coefficients in equation (B9) can be
found up to and including ap where

Then the acceleration can be found from equation (Bl5).

An example of case (b) is one wherein both V and dV/dt, which vary
erratically with altitude, are given for p wvalues of altitude. 1In this
event one can find the ap coefficients from equations (B9) and (B16) for

n<2p -1 (B18)
by a standard least-squares method employing an electronic computer. In such
cases, n can be as much less than 2p - 1 as 1s necessary to smooth the data.
(For such cases, ag must be found from the velocity data alone.)
An example of case (c) is one wherein V 1is given for p values of h

but the data are erratic and no values of dV/dt are given. Then the a
coefficients can be found by least-squares solution for
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n<p -1 (B19)

where n is sufficient to smooth the data. This procedure is valuable where
large numbers of original velocity data are given.

In this report, wherein the series method of analysis has been employed,
after the series coefficients were found, the velocity and accelerations were
computed (using egs. (B9) and (B15)) at intervals of 1000 m altitude. Then
the density-radius product was calculated for each altitude by equation (14)
and then the heat-transfer factor was calculated for each altitude h (see
eq. (13)) by (drag coefficient assumed constant)

Cx _8sine [(pmr)h+1ooo - (Dmr)hf;ooo] (B20)
Cpt 20000, V=

No hard and fast rules were employed to fix the choice of the degree of
the least-squares polynomial fit for the individual analysis of meteors.
Generally, for any particular case, the largest degree polynomial was used
that would provide reasonably smooth variations of the dependent variables

with altitude.
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APPENDIX C

COMPUTATIONAL PROCEDURES FOR THE PHOTOMETRICAL METHOD

OF ANALYSIS OF METEOR TRACKING DATA

In this report, the photometrical method of analysis i1s applied to all
the meteors discussed except Ondrejov meteor 2747L for which luminosity data
are not available. The computational procedures are the following:

I MEANOOK METEOR 132 AND ONDREJOV METEOR 15761

It is assumed that at some one altitude, h;, the velocity and the meteor
density-radius product are as given by the dynamical method. Then the heat-
transfer factor, CH/CDC, at that altitude can be found. To this end we note
that in the same manner in which for free molecular flow equation (28) (for
the heat-transfer factor) can be derived from equation (23), so from equa-
tion (29) one derives for continuum flow the expression

Cg . I -I i
H _ )+ <— 6g> - L" <_ a.s (Cl)
Cpt  nCppyTo \Frav 1CppeTo \praVv
wherein Tg 1is the ablation luminous intensity.

The acceleration can then be evaluated from the dynamics as equation (5)

3Cpp 2
QV_' = g sin 6 - © <—5V > (02)
at 8pm r
so that
av dv/dt
o dvjar (c3)
dh V sin ©

and, in turn, from equation (13)

= Ve ch
dh 8pm sin 6 o ()

ar SN <:CH
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Using (see eq. (E13))

4
Ty = 1.6l2x10720 £ 56T
kg m
— 3
py = 1.225 kg/m (c5)
Cp=1
Epesn = 9-6 m/sec® )

Equations (C1), (c2), (€3), end (Ck) become (for T - Iz units of kw m™®)

c I-1I
ZH o 0.6Lx1020 =~ 8 (cé)
Cpt pr2ve
2
CA 9.6 sin 6 - 0.46 9¥—> (c7)

at o

av _ av/at (8)

dh  V sin 6
C
dr 0.153 Y\ 2
dr _ i ¢
dh ~ py sin 6 <§Dg P (€9)

and Ig ig calculated by the procedure given in appendix E.

At an altitude increment Ah from the altitude h; the velocity and
radius can be found from

v=v, + ¥ an
dh
(c10)
dr
r =11+ —~Ah

and this computational process can then be repeated to find V, dV/dt, r,
CH/CDQ at a next altitude and so forth. Thus, from the single initial
values of V. and ry, the measured value of sin 6, and the known values of
the total luminocus intensity, I, as a function of altitude, a whole flight

history can be calculated.

This procedure was employed for Meanook meteor 132. The total luminous
intensity variation with altitude was that given in figure L; the starting
values were
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hy = 68,000 m h

Vi = 17,422 m/sec
sin 6 = 0.868 & (er)
prL = 5k kg /m? )

and the altitude increment

Hh = -1000 m

For the Ond¥eJOV'meteor 15761 the same procedure was used with the total
luminous intensity variation with altitude given in figure 15, the starting
values

hy = 77,000 m W

V., = 22,000 m/sec

(c12)
sin 6 = 0.4631

Il

pr1 = 50 kg/m?

and the altitude increment

A = -1000 m

For both meteors the calculations were carried through for a range of
values of Pme The results presented in the report are only for that value
of p which appears to give best agreement between the reduced data with
the calculated values of velocity as a function of altitude.

IT ONDREJOV METEOR PRIBRAM

The reduced data for this meteor are only given over an altitude range
for which the velocity is very nearly constant. As a result, the dynamical
method of analysis yields self-conflicting results. In fact, one cannot even
find the body size, but the result would suggest that the radius was perhaps
between about 0.1 and O.4 m at the highest altitude for which data are given
(about 90 km). Accordingly, the photometrical method was used to determine
the initial size. The calculation procedure was the same as outlined for
Meanook 132 except that the meteor density was known

37



Py = 3500 kg/m3

and the assumed starting conditions were

hy = 100,000 m (c13)
V. = 20,867 m/sec
sin 6 = 0.683 J

while the initial radius was assumed to have a series of arbitrary wvalues.
Both maximum and minimum effective drag coefficients were assumed to apply
in equation (C2). The results of these calculations are discussed in the

report.

ITT HARVARD METEOR 1242 AND SACRAMENTO PEAK METEOR 19816

In the opinion of Cook, Jacchia,and McCrosky (ref. 26) both of these
meteors are asteroidal stone, so that it has been assumed that the density

is (ref. 7)
o, = 3400 kg/m3

The photometrical analysis is used in these cases to find values of Tq
which will bring the results of the photometrical analysis in essential
agreement with the flight velocity and acceleration data. Thus the calcula-
tive procedure is that given in section I of this appendix but a range of
values of T, 1is used to find what mean value of T will give a best fit
of the wvelocities and accelerations so calculated with those obtained from

flight.

The starting conditions for the analysis of Harvard meteor 1242 are

hy = 64,000 m

Vi = 11,960 m/sec
sin 6 = 0.632

ry = 0.0200 m

corresponding to the wvalue

opr1 = 68 kg /m2
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For the Sacramento Peak meteor 19816 they are

hy = 80,000 m

Vi = 20,640 m/sec
sin 6 = 0.716
T, = 0.0057 m

corresponding to the wvalue

ppr1 = 19.4 kg/w?

39



APPENDIX D
ESTIMATTION OF THE HEAT-TRANSFER PARAMETER, Cp/Cpt

At the outset it should be emphasized that any estimation of Cy for
meteors usually involves extensive extrapolation of our present experimental
data since speeds available in laboratory tests are generally well below
meteor speeds, and the physical dimensions of the models employed in these
tests are generally much below the dimensions of the meteoric bodies of
interest here. Moreover, the actual shapes of these meteoric bodies are
unknown as are the changes in shape along the entry trajectories. In addi-
tion, the actual processes of ablation are unknown (e.g., as noted in the
text, irons will ablate freely in the liquid state while stones will vaporize
as well as ablate in the solid state as a result of spalling due to thermal
stress). However, vapor ablation provides an upper limit for the heat of
ablation. As a result of these numerous uncertainties, we can expect that
our estimates may only agree in order of magnitude with the flight results.

In accordance with the assumption used in the analysis of the flight
record, we assume here that the body essentially acts as a sphere and that
the size of the sphere 1s determined from the flight test results. We will
determine the estimates of CH/CDC, first, on the premise that ablation
occurs only by vaporization and, second, only by liquid runoff.

Although this report is concerned only with continuum flow, it will be
necessary to Tfalr our continuum estimates in such a way that at the higher
altitudes they will agree with those obtained from free-molecule flow theory
(Cg/Cp = 1/2). Moreover, we must also provide for the fact that even in con-
tinuum flow CH/CD is limited in any real flow. This fraction can never
exceed 1/2 since for purely convective heating, only about half of the energy
dissipated as heat can be given to the body; the remainder must be left in
the wake (Reynolds analogy, see, e.g., ref. 33). On the other hand, for
purely gas-cap radiative heating only half of the radiant energy emitted can
be received by the body; the other half must be radiated to space. The cal-
culative procedure is, therefore, the following: The heat-transfer coeffi-
cient in continuum flow is calculated as the sum of the convective contribu-
tion plus the gas-cap radiative contribution from the air which is in thermo-
dynamic and chemical equilibrium and that which is not in equilibrium. The
convective contribution so calculated is uncorrected for the approach to free
molecular flow, except that when the effect of wvapor ablation to reduce the
convective component is evaluated an allowance is made for the approach to
free molecular flow. The radiative components (equilibrium and nonequilib-
rium) are uncorrected for limiting but are forced to zero as free molecular
flow is approached. Finally, the sum of the uncorrected continuum components
is, together, corrected for approach to limiting. The result applies for
the energy limit and for free molecular flow since these values of (CH/CD)lim

are the same (0.5).
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It is well at this point to discuss the conditions for continuum flow as
opposed to free molecular flow. The Knudsen number is defined as the ratio
of the mean free path in the atmosphere, 1, to the body radius at the alti-
tude at which this mean free path applies. Approximately, the mean free path
is related to the density ratio, p, by

o~

0O

1 == Dl
< (p1)
where the constant 1o is about 7.2x107% m. Thus the Knudsen number is
1 _lo 7.2x107°
Kn = = = = S (D2)

When Kp exceeds, say, 4 or 5 (see ref. 34), the flow is, in essence, the
free molecular type. When K, is less than, say, 1/4 or 1/5, the flow is,
in essence, continuum. Between these two regimes lies the so-called slip
flow regime. Although practically no theory for the slip flow regime is
available, experiment has shown (e.g., ref. 35) that the transition from con-
tinuum to free molecular flow is smooth. Thus a function which appropriately
expresses such a transition may be of the type

o Kn _ o -7.2x1078/pr (D3)

since for small Kpn (<< 1) this function approaches unity while for large Kp
(>> 1) it approaches zero.

In the following sections, the continuum heat-transfer coefficients are
evaluated and corrected for approach to either the energy limit or the free
molecular flow regime.

CONVECTIVE HEAT TRANSFER

To evaluate the convective component for a sphere in laminarl continuum

flow we employ the procedure used by Chapman (ref. 36) to find the stagnation-
point heating rate and then employ the analysis of Lees (ref. 37) to find the
rate for an average surface element. Chapman's analysis which applies if no
vapor ablation occurs gives the stagnation-point convective heat rate as

_ L.755x10°%

qcfsu - ﬁ

pv3 (Dk)

For most of the cases considered in this report, the meteoric bodies
are sufficiently small that experience indicates turbulent boundary-layer
flow will not occur.
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Tee's analysis, with Newtonian flow assumptions, gives for the forward
face of the sphere an arbitrary surface element at high Mach number

4
cfy 2w sin w cos® W ; 0SSy ST (
0 = :(U:g D5)
Qefe, sz w sin b 1 - cos kw
T T 8

where w 1s the angle between the radii measured from the stagnation point
to the arbitrary surface element, and for the rear face

C.1cf
Y -0 ; 2-5 w S x (D6)
quSU.
Hence, the total heat input rate by convection is
: w 5in® w cos® w dw .
chu = f q_cfu J—m‘r2qcfs ) = 0'735“r2qcfs
s u \/ W 51n hm_kl -cos L u
8
(o7)
and
Qery 2.58x1074
= (D8)

c = =
ety (n/2)pV3r2 Jor

When vapor ablation occurs, the issuing vapors fend off the air from the
surface and so reduce the surface shear and the convective heat transfer.
Theory (see ref. 38) gives the ratio of heat transfer with vapor ablation to
that without ablation (or with fluid ablation) as

CHev,
L L (D9)
CHcfu 1+ (a/t,)V

where o depends upon the molecular weight of the issuing vapor. But this
formuilation does not properly consider the heat conduction in the sublayer.
Thus while equation (D9) indicates that the ratio approaches zero as (a/Cv)V2
becomes very large, experiments indicate (see ref. 39) that the ratio actu-
ally approaches an asymptotic value. Let this asymptotic value be o¢. Then
the formulation (ref. LO)

CHCVu _ 1l -0

- D10
Chcr, 1+ (a/ty)V® (010)
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will more properly provide for the effects of vapor ablation.

iron reference 38 indicates

~

[0

The value of

rates.

o =0.2

For stone or

(p11)

o will depend not only on the heat conductivity of the ablat-
ing vapor but also upon the ratio of the convective to the radiative heat
For the calculations of this paper it is arbitrarily assumed that

(D12)

At this point we shall partially correct for approach to free molecular

flow by altering equations (D10), (D1l), and (D12) to read (see eq. (D3))

CHew, 0.8

+ 0.2

CHcfu 1+ (O.3V2/§v)e_7'2Xlo_8/5r

Then the convective contribution for vapor ablation (the counterpart to

eq. (D8)) is

_ 2.06x10”*

1

CHcv -
u \/’5—1‘

RADTATIVE HEAT TRANSFER

The level of radiation from a unit
volume of excited gas depends upon the
density and enthalpy of the gas. For a
spherical body the radiation from an

element of the gas cap would vary within

the cap, depending upon the position of
the elementary volume, since the level
of radiation depends upon the speed of
the air normal to the surface of the
shock (see sketch (b)). The elements
directly ahead of the stagnation point
radiate the most and the radiation
level falls as we proceed around the
body. To calculate the net radiation
from the whole cap is tedious. Note,
however, that the heat transfer is
highest from both convection and radia-
tion at the stagnation point. Thus the
stagnation region as indicated in
sketch (c¢) will ablate rapidly so that

1 + (3x107/t) (v/10%)

+ 0.25

26—7.2X1o“8/5r

- GENERAT: REMARKS

V—>

Sketch (Db)

Sketch (c)

(D13)

(D1L)
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with time the body becomes blunted (provided it is not tumbling). The face

of a body for which radiation predominates is flattened. Equilibrium radis-
tive heating will thus be greatly increased with time not only because the
average component velocity U now closely approaches the flight velocity V,
but also because the gas-cap volume is increased since the shock standoff dis-
tance will be triple or more than that for a sphere. 1In order to avoid the
complexity of calculating the radiative heating for a body of changing shape
it is assumed that the gas-cap radiation corresponds to that for a "disk"
shape (i.e., U = V) but with the shock standoff distance corresponding to that
for a sphere. In this way, it is hoped that the integrated average value will

be duplicated.

EQUILTBRTUM RADIATIVE HEAT TRANSFER

The time rate of energy radiation from an excited gas in thermodynamic
and chemical equilibrium per unit volume can be expressed as

ak
de Ceptu? (D15)

Seiff (ref. 40) found from examining our present knowledge of gas radiation
that essentially two regimes exist. For velocity U < 13,700 m/sec

Ce, = 6.1Ux10749 (Sec>15 -
1 m.sec3
X (D16)
Py =P = L.
q, = 15.L5 J
and for U > 13,700 m/sec N
3 & sec
Cep, = 6.4x107 = sec3 < >
p, = p = 1.8 (p17)
dz = 5.05 J

In accordance with the assumptions given earlier then, the total radiation
rate from the gas cap in equilibrium is then

. 5
Ee = Cenr3 <;> S (p18)
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where &/r is shock standoff distance ratio for a sphere, which is about
0.05 (see ref. L0). Now since for a thin gas cap only half of this radiation
is received by the body, the other half being radiated to space, then

(/2
Hewn = (1/2) Vo2 219)

Ce 5\ _P-1.9-3
_(YeN(B D20
CHeyy <po> <r> p VvV r (D20)

To correct for the approach to free molecular flow (where CHe = 0) then

or

Ce /8 _p-1_g-38 -7.2X1078/pr
CHey = o <;> T Vi Tr e (D21)

With the constants from equations (D16) and (D17) and with &/r = 0.05,

then
2.05
7. -8/5
Cu. = Ml.650'8 —Y%> r e 778X /3x 3 vV > 13,700 m/sec (D22)
Su 10
and
v \12:45 %1078/
CHg, = 1-585°"° <—4> r e 7CEO /BT oy < 13,700 m/sec (D23)
10

NONEQUILIBRIUM RADIATIVE HEAT TRANSFER

The region for which the gas-cap alr is out of equilibrium is generally
confined so near the shock wave that we may, for practical purposes, consider
the nonequilibrium radiation to be proportional to the shock-wave area. If
the density is high, the time rate of energy radiation from this thin lamina
of gas, which is out of equilibrium, per unit of shock area can be expressed
as

ok

S .
B " CnV (D2k)

where the values for the constants as known at present are (see ref. L0)

7
kg sec
22 e
0.74x10 <m>

Q
B
It

sec3 (D25)
s =7
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Equation (D24) holds until the so-called collision limiting begins (see dis-
cussion in appendix C of ref. L40), corresponding to Bor, = 1073, after which
it is assumed that

dfp

= 03v°5 o
T ChX103V~ 5 (D26)

Now, if we correct for the approach to free molecular flow (see eq. (D3)) but
not for energy limiting, remewbering that only half of the radiation is
received by the body (see eq. (D19)),
: -7.2X1078/pr
- _ (1/2)(aBn/dAgn)nr2 e

fu (1/2)p pVrr2 (p27)

Thus when the constants are inserted the nonequilibrium eguations become
6--1/( V “ —7.2%10 8/pr 3
CHnu = 0.6x107°p <iaz> e 3 p > 10~ (D28)

and, when corrected for collision limiting by equation (D26)

P
- v -7.2%x10"8/pr _ -
CHl’lu = 0.6x10 3 <l—oz> e /D 5 e} < 10 3 (D29)

TOTAL HEAT TRANSFER

The total heat transfer formed when the components are added (see
eqs. (D8) or (Dlk) along with egs. (D22) or (D23) and (D28) or (D29)) is
unrealistic in that 1t is not limited as reality requires. In the limit
CH/CD cannot exceed 1/2. The corresponding drag coefficient becomes the
free-molecule value Cp = 2 (as opposed to unity for low-heat-transfer con-
tinuum flow). Thus to enforce the correct limit, the following procedure is
employed: The corrected total heat-transfer coefficient is formed from

2C C N\
Cyg = CHu e tu + <l - e U.> (D30)
and the corrected drag coefficient from
Cp =1 +Cq (D31)

These formulations satisfy the requirement since when
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Cqg ~

and when

(D32)

(D33)

(D3k)

(D35)

The following table shows that eguation (D30) produces the desired behavior.
Certainly these results are reasonable for approach to the free molecular
regime. For the approach to energy limiting in the continuum range it is

correct in direction but probably too high.
closely approached for most of the meteors considered in this report.

However, this 1imit is not

Cy, Cu CD Cu/Cp
0 0 1.00000 ©
.05 04762 1.04762  .0OL5L45
.1 .09093  1.09093  .08335
.2 .16693  1.16693  .14305
.3 .23182 1.23182  .18816
) 33879 1.33879  .25305
1.0 .53485  1.53485  .348L7
1.5 67827 1.67827  .hohllk
2.0 78431 1.78431 .43956
3.0 .91038  1.91038  .3765k4
o 1.00000  2.00000  .50000

For calculations of gas-cap luminous intensity discussed in appendix E

it is necessary to find

a
Hg

= CHe + CHl’l

This quantity is then approximated as

(&)
CHg = \CHe, T CHpy Ch,,

where Cg and Cy, correspond to vapor ablation of the meteoric surface.

(D36)

(D37)

In the preceding portions of this appendix it has been tacitly assumed
that the radius of the meteoric body is known as a function of altitude from
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the flight data. Actually for all of the meteors discussed in the report,
with the exception of the Ondrejov meteor Pfibram, the flight data only pro-
vide t@e meteor density-radius product, oyt s s a function of altitude. Even
for P¥ibram, as will be shown, though op 1s known ppr 1s so poorly deter-
mined that r must be considered an unknown.

For all of the meteors except Pfibram, the following procedure is
employed: For an assumed series of values of p., the radius variation with
altitude is calculated. The calculation procedures of appendix E, part I,
are used to find the gas-cap luminosity. The flight values of the heat-
transfer factor CH/CD§ are used to calculate the ablation luminosity by the
method of appendix E, part II. The total luminous intensity is then deter-
mined (sum of the gas-cap and ablation luminosities) for each assumed meteor
density and compared with the observed luminous intensity. The approximate
meteor density is then chosen to be that which gives the closest agreement of
these calculated and observed luminosities. This evaluation needs only to be
approximate since the calculated values of the heat-transfer factors for
either the assumed vapor or fluid ablation is not strongly influenced by
small changes in the assumed meteor density.

For the P¥ibram meteor the calculation procedure is that given in
appendix C, section II, and in appendix E.

There are several theoretical analyses of meteor heat transfer. The
estimates of references 18 and 41 are too approximate for the needs of this
report. The estimates of reference 42 are given for a wider range of speeds
than considered herein and in ample detail. However, the latter reference
assumes unrealistically that o in equation (D10) is zero.

L8




APPENDIX E

CALCULATION OF LUMINOUS INTENSITY

I GAS-CAP LUMINOSITY

The time rate of energy radiated from the shock layer to space is equal
to the time rate of energy radiated to the body so that (in units of
kg m2/sec3)

E =

hel i
el

CngoﬂrzﬁVB (E1)

where Cg is the total radiative contribution to the heat-transfer coeffi-

cient (see appendix D). iny a fraction of this energy, 7, is in the visible
wavelength range (> 3500 A). This fraction is

-1
nE = é-qugpoﬂr25V3 (E2)

To find the corresponding luminous intensity, defined as the luminous energy
received on a 1 m2 area at 100 km distance, one can calculate this quantity
as if 2nE were radiating to a sphere of 100 km radius so that the gas-cap

luminous intensity in kw/m2 (E in kg m2 sec™®) is
. -13
I, = EHEEEQ___ = 0.306nCyr T25Vx10 7 (E3)
T

This is the gas-cap luminous energy which would be observed at a point
directly ahead of the meteor.l

The fraction n 1s a function of the gas-cap temperature. The fraction
is assumed to be essentially that part of the total radiation from a gray
body which occurs for visible wavelengths longer than 3500 R as given in
table IX. (These values are altered at the lower temperatures for the known
radiation from air which differs somewhat from that for a gray body.) The
temperature of the gas cap is greater than the equilibrium gas-cap tempera-
ture as a result of the nonequilibrium contribution. The approximation is
made that it 1is

lNote that Ig is sensitive to the aspect from which the meteor is

seen. TFrom the side only about half the radiating gas cap can be seen, for
example. We have arbitrarily assumed that the full face can be seen for the
purposes of this report.
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] T <CHeu + CHnu>1/ 4 (i)
= e —_—
g CHeu

where CHeu and CHnu are the heat-transfer coefficients given in appendix D

and Te 1s the temperature of the gas cap 1f equilibrium prevailed. Approx-
imate values of Tg (from ref. 23) are plotted as a function of altitude and

speed in figure 56.

IT ABIATION LUMINOSITY

As noted in appendix B to find the meteor size when meteor density is
unknown one must find the total luminous intensity. Hence it is necessary to
find the approximate variation of the luminous intensity from the ablated
vapor. To this end it is assumed that the luminous efficiency factor, Tg, is
that proposed by Jacchia (ref. 21) for free molecular flow.

From equation (29)

am 2(1 - I,) 2Ty,
S e - S (E5)
at ToV® ToV®
but from equation (10)
Cup
dm O 3
&L 23 E6
o 2t P (EO6)
so that from equations (ES) and (E6)
1CDpyTo <CH
I, = Frave
ITT LUMINOUS EFFICIENCY
Meteor astronomers define luminous intensity as
-0« 4M
T(0 mag) = 10 P (E8)

where M,, termed the absolute photographic magnitude, is the apparent photo-
metric magnitude of the meteor that would be indicated by the photographic
plate of a camera located 100 km from the meteor. The Harvard Observatory
group after considering the spectra of meteors and the response of photo-
graphic plates to them have calculated that the absolute photographic magni-
tude can be related to the corresponding absolute visible magnitude by
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Mp = My - 1.8 (E9)

The luminous intensity defined as in equation (E8) is not meaningful to
aerodynamicists. Accordingly, in this report luminous intensity is defined
as the amount of luminous energy per unit area, in kilowatis per square
meter, recelved on a photographic plate 100 km from a source. To relate the
luminous intensity so defined with magnitude, it is noted the apparent bolo-
metric magnitude of the sun, Mpg, corresponds to the solar constant s (the
amount of energy received at the orbit of the earth outside the atmosphere),
so that the absolute photographic magnitude of a meteor, M@, can be related
to the luminous intensity I by

s
logio T = ~O.lMpg + 0.k, (E10)
Now Mpg = -26.85 while the solar constant lies in the range
1.35 kw/m@ S s £ 1.39 kw/m2

Choosing s = 1.37 kw/m2 then we obtain the conversion formulas

log, o I(kw/m?) = -9.882 - O.LMy
log, o I(kw/m?) = -10.602 - O.kMy (E11)
loglOI(kw/m?) = -10.602 + log, ,I(0O mag)

Jacchia's value of the luminous efficiency factor®

4
T = 6.45x10712 9—£§§%§§§l— (E12)
then becomes in our units
4
To = 1.61x10720 B sec (E13)

kg mS

2Recently, Cook, Jacchia, and McCrosky (ref. 26) have recommended for
meteoric stone

L. 06x10~ 12 Q_EEE_EEEi

-
o
g cm3

and for meteoric iron

4
To = 27.6x10712 Oma—gS§C_‘
g cm
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IV FRACTION OF TOTAL LUMINOSITY DUE TO GAS CAP

Equation (E5) gives mass loss as proportional to the difference between
the total luminous intensity less that due to the gas cap. The guestion then
arises: What fraction of the total luminosity can the gas cap contribute?

From equations (E3) and (E2) for luminous intensity in kw m™2
_ 1 31 n-13
Ig = T MCH,PoFEATEX0 (E1k)
and from equation (CL)
1 prave
I-I5-= T 1ToCrP, < ‘ (E15)
so that
) I
£ = L (F16)

R (ﬂToCHV3/nCCHg)XlOlS

As indicated in the report for continuum flow it appears that
To 2 10729 kw sec* kg™' m™ while I,/I is largest for Ci, = Oy which is

approximately true only for large bodies. Then for stones (eq. (E16)) the
maximum value of the ratio is

T
g _ 1 N (ELT)
<]¥2nax 1+ (0-035/n)(V/104)3

Since 17 1s a function of air density as well as velocity for equilib-
rium radiation, the ratio depends on altitude as well as velocity. This
fraction is shown in figure 57. Note that at very high speeds the gas-cap
luminosity cannot be a large fraction of the total once vaporization begins,
so that ignoring Ig in mass-loss-rate calculations by the photometrical

method may not lead to large error for such cases.
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TABLE I.- ABLATION ENERGY PER UNIT MASS FOR METEORIC MATERIALS

. | Avlation energy pgf unit mass, {, m2/sec®
Materlal |  Vapor sblation | Fluid ablation
Stone 9.2x10% 1.9x10°
Iron 9. 1x108 1. 5X106

TABIE II.- FLIGHT DATA FOR MEANOOK METEOR 132
(sin 6 = 0.868)

t, h, v, av/at,
sec km km/sec | km/sec2
0 67.59 17.42 -0.31
.1 17.39 -.36
.2 | 6L.56 17.35 - b2
.3 17.30 -.50
L4l 61.55 17.25 -.60
.5 17.18 -.73
.6 58.57 17.10 -.88
.7 17.00 -1.06
.81 55.58 16.89 -1.28
.9 16.75 -1.55
1.0 { 52.71 16.58 -1.88
1.1 16.37 -2.28
1.2 | 49.87 16.12 -2.76
1.3 15.82 -3.34
1.4 | Lv.12 15.45 -L.02
1.5 15.01 b7t
1.6 | Lk.51 14,49 -5.67
1.7 13.86 -6.97
1.8 | 42.11 13.10 -8.18
1.9 12.24 -9.08
2.0 | 39.98 11.28 -9.97
2.1 10.25 -10.58
2.2 | 38.21 9.16 -11.21
2.3 | 37.46 (8.00)




58

TABLE IIT.- FLIGHT DATA FOR ONDREJOV METEOR 15761

(sin 6 = 0.4631)

t, h, v, AV, av/at, AdV/dt,
sec km km/sec | km/sec | km/sec® | km/sec?
0.42kh3z | 68.696 | 21.750 | *#0.036 -0.56 +0.16
.82186 | 64.585 | 21.431 +.033 -.87 .14
1.13871 | 61.479 | 21.122 +.0L2 -1.02 +.23
1.34575 | 59.437 | 20.895 +.052 -l.22 +.543
1.55279 | 57.422 | 20.552 +,069 -1.83 +.58
1.73461 | 55.687 | 20.122 +.077 -2.76 +.85
1.86468 | 54,478 | 19.750 +.055 -3.09 +,02
1.96820 | 53.532 | 19.k421 +.035 b0l *.59
2.07172 | 52.605 | 19.054 +.040 “ho1h .67
2.17523 | 51.694 | 18.697 +.039 -3.80 +.65
2.27875 | 50.801 | 18.267 +.036 -L4.67 +.60
2.38227 | 49.933 | 17.799 +,030 -4.30 +.50
2.48579 | k9.087 | 17.258 *+.035 -6.19 *.60
2.58931 | u8.273 | 16.673 +.032 -5.17 +.54
2.69283 | L7.L82 | 16.094 +.019 -6.31 *+.31
2.78699 | L46.792 | 15.509 +.033 -6.18 *+.60
2.8824L | L6.11k | 14.881 +.047 ~7.72 .77
3.00207 | 45.311 | 13.983 +.080 -8.09 +1.34
3.10558 | Lh.657 | 13.176 +.096 -8.16 +1.61
3.17805 | LL.223 | 12.54hL +.100 -9.87 2,42
TABLE IV.- FLIGHT DATA FOR HARVARD METEOR 1242
(sin 6 = 0.632)
t, h, v, AV, av/dt, AdV/at,
sec km km/sec | km/sec | km/sec® | km/sec2
1.0526 | 62.56 | 11.93 +0.005 | -0.185 +0.013
1.6842 | 57.78 | 11.81 +.005 -.389 +.008
2.3158 | 53.10 | 11..48 *.005 -.660 +.007
2.947h | L48.61 | 10.94 +.005 | -1.02L +.010
3.5790 | 44.38 | 10.13 +.005 | -1.505 +.030
4.2105 | L40.57 8.87 +.005 | -2.23 +.067 |




TABLE V.- FLIGHT DATA FOR SACRAMENTO PEAK METEOR 19816

t,
sec
0.764
1.135
1.860
2.038
2.425
2.623
2.824
3.124

TABLE VTI.- FLIGHT DATA FOR

h,
km

80.13
Th.02
6h.16
61.06
56.49
53.75
51.87
48,92

(sin 6

Vs
km/sec

20.67
20.57
19.87
19.27
17.85
16.36
14.63
10.77

(sin 0

= 0.716)

AV,
km/sec
+0.01
.02
.05
.09
11
.18
.19
.30

H+ -+ O

‘0.7575)

h, v,
km km/sec
56.01 | 24.95
54.25 | 24.72
50.41 | 23.88
4Lr7.81 | 22.97
13.89 | 19.54
42,86 | 17.65
4b2.19 | 15.97

av/at, AdV/dt,
km/sec? | km/sec?
-0.158 +0.009
-.46 +,018
-2.02 +.05
-2.75 +.10
-5.92 +.11
8.45 +.18
-9.67 +.19
-8.90 +.29
ONDREJOV METEOR 27471

TABLE VII.- FLIGHT DATA FOR ONbﬁEJOV METEOR PﬁiBRAM
(sin 6 = 0.6853; Py = 3500 kg /m3)

t)
sec

0.00000
.85602
.85806
.73230
.149383
.69203

w -

.06758

h, v, AV, av/at, AAV/dt,

km km/sec | km/sec | km/sec® | km/sec2
88.594 | 20.887 | +0.009 -0.031 +0.035
76.318 | 20.860 %, 007 -.113 +.031
76.289 | 20.86k *.010 -.000 +.039
63.837 | 20.838 +.013 -.100 +.049
52.970 | 20.773 *.013 -.207 +.07L
50.164 | 20.717 +.013 -.370 +.068
44.858 | 20.459 £.024 | -1.080 +.160
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TABLE VIIT.- ALTITUDE FUNCTIONS

(Code: 0.434 -2 = 0.434x1072)

iy 5 |erng| W 5
38,000 | 0.434 -2 | 1.4k -k 64,000 | 0.179
39,000 .376 -2 | l.hk2 -L 65,000 .158
40,000 w327 -2 [ 1.41 -4 66,000 .139
1,000 284k -2 | 1.39 -4 67,000 122
42,000 2hy 2] 1.38 -4 68,000 .107
43,000 216 -2 | 1.36 -4 69,000 .937
44,000 189 -2 | 1.3h -b 70,000 .817
45,000 6L -2 | 1.32 -4 71,000 .710
46,000 A5 2 | 1.30 -4 72,000 .616
47,000 127 -2 ] 1.28 -k 73,000 .532
48,000 112 -2 | 1.26 -4 || 7L,000 .458
49,000 .99 -3 | 1.24 -4 75,000 .393
50,000 884 -3 1 1.21 -4 76,000 .336
51,000 .785 -3 | 1.18 -4 77,000 .287
52,000 697 -3 | 1.15 -k 78,000 .243
53,000 619 -3 | 1.12 -4 79,000 . 206
54,000 .554 -3 | 1.09 -k 80,000 173
55,000 499 -3 | 1.07 -k 81,000 .1h2
56,000 L8 -3 ) 1.07 -h4 82,000 .116
57,000 Lho2 -3 | 1.09 -4 83,000 .9LT
58,000 .361 -3 | 1.11 -4 84,000 175
59,000 .322 -3 1 1.13 -4 85,000 634
60,000 .288 -3 | 1.15 -4 86,000 .518
61,000 .256 -3 | 1.17 -4 87,000 Lok
62,000 228 -3 | 1.19 -4 88,000 347
63,000 .202 -3 | lL.21 -4 90,000 .28L

-3

-5
-5
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TABLE TIX.- THE GAS TEMPERATURE FUNCTION

Ta(CKx10-3) 1 Ta(%Kx1073) 1 Ta(%Kx103) n
1 1.0000 21 0.173 L1 0.035
2 1.0000 22 .156 ho .033
3 1.0000 23 L1h 43 .031
by .995 2k .128 L .029
5 .972 25 117 45 .028
6 .928 26 .108 L6 .026
7 .856 o7 .100 L7 .024
8 772 28 .091 48 .023
9 .692 29 .083 49 .022
10 611 30 .076 50 .021
11 .Skl 31 .070 51 .020
12 . 180 32 .065 52 .019
13 .Lhes 33 .060 53 .018
1k . 381 34 .056 54 .017
15 .338 35 .052 55 .016
16 .302 36 .0khg 56 .015
17 . 269 37 .0L5 57 .01L
18 .240 38 .0k3 58 .O1L
19 .215 39 .04o 59 .013
20 .192 40 .038 60 .013
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Figure 1l.- Comparison of polynomial fit of velocity with data for Meanook meteor 132.
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Figure 2.- Comparison of polynomial fit of acceleration with data for Meanook meteor 132.
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Figure 3.- Results of dynamical analyses of meteor density-radius product for Meanook meteor 132.
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Figure 54.- Photograph of an imitation meteoric body in flight.
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